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ABSTRACT 
Studies on climate change have shown an increase in not only the average global surface 
temperature but also an increase in extreme weather events. One such extreme weather event 
is the occurrence of winter temperature fluctuations, which can induce loss of cold 
acclimation. Sudden temperature fluctuations have occurred in the United States in the early 
spring of 2007 and the late winter of 2009. Both events caused significant freezing damage to 
plants. However, plants that were able to maintain a portion of their original freezing 
tolerance, by a process called deacclimation resistance, did not suffer significant damage. 
 Different phenotypic assays were conducted to determine frost tolerance and deacclimation 
resistance of selected genotypes. Field trial exhibited deacclimation resistance of freezing 
tolerance loss during a warming trend and sudden freezing in February 2009. Because of this 
extreme weather event, the number of cultivars in the field trial assay was reduced by 92%. 
This extreme weather event was simulated in a growth chamber assay. In this assay cultivars 
from the field trial were exposed to similar temperature fluctuations but under controlled 
temperature settings. Another assay used to determine plants freezing tolerance during 
different lengths of deacclimation was the ion leakage assay. This assay indirectly measures 
freezing tolerance under the premise that ion leakage is negatively correlated with freezing 
tolerance. However, repeatability of the ion leakage assay was too low, to determine freezing 
tolerance during deacclimation. By comparing the phenotypic assays (field trial, growth 
chamber and ion leakage assay) with frost tolerance and deacclimation resistance, the in vivo 
assay in the growth chamber was best reflecting field conditions.  
Transcriptome expression profiling was used to find candidate genes for freezing tolerance 
and/or deacclimation resistance, complementing the phenotypic assays.  Expression profiles 
during cold acclimation, freezing and various lengths of deacclimation were compared. The 
results indicated that 14 ESTs were significantly differentially expressed during cold 
acclimation, freezing and/or deacclimation. Further analysis by RT-PCR is necessary to 
verify, if these 14 ESTs are candidate genes for frost tolerance or deacclimation resistance.  
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THESIS ORGANIZATION 
 This thesis is organized in the order of experiments conducted during Jacqueline 
Farrell’s Master’s studies, preceded by a general introduction and followed by a general 
conclusion. The first set of experiments conducted were field and growth chamber assays to 
determine freezing tolerance and deacclimation resistance. The second set of experiments 
conducted were ion leakage assays to determine freezing tolerance and deacclimation 
resistance. The third set of experiments conducted were expression-profiling assays, to find 
candidate genes involved in cold acclimation and deacclimation resistance.  Jacqueline 
Farrell was primary investigator for this work under the supervision of Dr. Thomas 
Lübberstedt. A manuscript is in the process of being written edited. 
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CHAPTER 1: GENERAL INTRODUCTION 
Climate 
The Intergovernmental Panel for Climate Change (IPCC) reviewed various global 
surface temperature analyses and concluded that the average surface temperature increased 
by 0.65°C (+/- 0.2°C) from 1901 to 2005 (Trenberth, 2007). Further computer climate 
models projected the global surface temperature to increase by 1.4°C to 5.8°C by the year 
2100 (Hopkins, 2007). The IPCC also concluded that the global warming trend was not a 
steady increase but was occurring in different seasons and influenced by geographical 
location (Trenberth, 2007).  Meteorological data collected from 1950 to 2004, indicated that 
fewer cold nights were occurring and that the minimum and maximum temperature range 
was decreasing by 0.07°C per decade (Trenberth, 2007).  Climatologists have also 
documented an increase in the occurrence of extreme weather events and computer models 
predicting that these extreme weather events will continue and possibly become more intense 
(Easterling et al., 2000).  
In the central plains of the U.S., one of the most prevalent climate extreme weather 
events is freeze and thaw cycles in the late winter and early spring season.  An example of 
such an extreme event was well documented in April of 2007 in the central plains, 
Southeastern and Midwest portions of the United States (NOAA/USDA Technical Report, 
2008).  Spring freezes occur commonly, but during March 2007, temperatures were 
unseasonably elevated, approximately 3°C to 5°C above normal. The high temperatures 
caused loss of winter dormancy for various plants in the area, and many farmers began 
planting crops (NOAA/USDA Technical Report, 2008).     On the evening of April 4th the jet 
stream dropped south from Canada causing arctic air to cover Central plains, Southeastern 
and Midwest portions of the United States (NOAA/USDA Technical Report, 2008).   The 
temperature dropped quickly reaching -11°C to -9°C and remained low for four days 
(NOAA/USDA Technical Report, 2008).    After the freeze, the majority of plants recovered, 
but the vegetative mass was much lower than in previous years (Gu, 2008).  Also a large 
amount of agricultural crops wheat, corn and fruit trees were damaged by the sudden freeze, 
causing approximately 2 billion dollars in damage (NOAA/USDA Technical Report, 2008).  
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Two studies conducted in the Northeastern United States compared climate patterns 
during the 1950s to the mid-1990s (Easterling et al., 2000) and documented fewer extreme 
cold days occurring during the winter, (Easterling et al., 2000) and that the last frost in the 
spring during 1990’s was occurring 11 days earlier (Easterling et al., 2000).  In Northern and 
Central Europe the number of frost days is decreasing and the winter temperatures are 
increasing (Easterling et al., 2000).   Most climatology studies have shown that the 
temperature changes have become more noticeable during the late winter and early spring 
(Walther, 2003).    
Increased occurrence of extreme weather events, increased seasonal temperatures, 
extreme precipitation and warmer winter temperatures are the best-documented forms of 
climate change challenging plants (Easterling et al., 2000).  One of the many ways plants 
survive the winter months is by cold acclimation, freezing tolerance, and winter dormancy. 
With decreased number of frost days and the occurrence and length of warm winter 
temperatures the plants freezing tolerance is reduced (Loveys, 2006; Assad, 2002).  Due to 
these winter conditions and the plants lacking of freezing tolerance, temperature fluctuations 
as in April 2007 are likely to return (Assad, 2002; Loveys, 2006; NOAA/USDA Technical 
Report, 2008).  
Cold acclimation and perennial plants 
The process of cold acclimation has been documented in many plant species, 
including various trees species and Arabidopsis. Cold acclimation is a process that is 
triggered by environmental signals: light, temperature, and water availability (Guy, 2003).    
Based on microarray analyses in Arabidopsis, cold acclimation involves hundreds of genes 
(Lee, 2010), many different lipids and sugars and chemical signals (Oono, 2006; 
Chinnusamy, 2007).  
As the temperature, light intensity, and water availability decrease, plants undergo 
various genetic, physiological, and biochemical changes (Xin, 2000).  During the process of 
cold acclimation, lipids, and soluble sugars accumulate. Plant growth is halted or slowed and 
water content is reduced in plant tissues (Ruelland, 2009).  During cold acclimation in 
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Arabidopsis, the proportion of phospholipids in cell and plasma membranes changes 
(Ruelland, 2009).  After one week of cold acclimation mono-unsaturated phospholipids have 
decreased and di-unsaturated phospholipids increased.  The increase in di-unsaturated 
phospholipids makes the membrane more fluid to counteract the cold induced rigid 
membrane (Ruelland, 2009).  
Studies using transgenic Arabidopsis established a causal link between cold 
acclimation and sucrose metabolism (Ruelland, 2009). Sucrose and raffinose are the most 
notable sugars accumulating in cells during cold acclimation. Kaplan et al. (2007) 
demonstrated in Arabidopsis that carbohydrates were broken down into sugars after being 
exposed to cold conditions.  It has been proposed that the accumulation of sugars and 
carbohydrates in the cell changes the osmotic potential and decreases the difference in water 
potential between inside the cell and ice forming outside the cell.   Guy et al. (2004) 
demonstrated that sugars also play a role in decreasing the ice nucleation temperatures, and 
could potentially suppress ice nucleation and ice growth during freezing. Sugars also play a 
role in protecting plasma membranes from freeze thaw cycles by generating protection from 
intercellular ice, preventing membrane damage and loss of osmotic reactivity (Ruelland, 
2009). 
During the process of cold acclimation the amino acid proline begins to accumulate in 
the tissue (Hoffman, 2010; Ruelland, 2009).  Under freezing temperatures, proline has been 
associated with cell protection.  Proline has a hydrophilic nature and provides a barrier 
around membranes, proteins, and nucleic acids during dehydration stress.  Though increased 
proline accumulation was found during cold acclimation, it is not yet clear, how increased 
levels of proline are produced and how proline accumulation increases freezing tolerance 
(Hoffman, 2010; Ruelland, 2009).  
  Cold acclimation has been intensively studied in trees, since the process of cold 
acclimation involves a dramatic physical and metabolic change, i.e., loss of leaves and 
hibernation (Welling, 2006). Some boreal hardwood tree species are able to keep the content 
of xylem parenchyma cells liquid even under freezing temperature conditions. This cold 
acclimation reaction is called super-cooling. In trees, there are many different intracellular 
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enzymes that play a role in super-cooling including anti-ice nucleation enzymes and anti-
oxidative enzymes.  Both groups of enzymes increase during cold acclimation and function 
to protect not only the cellular membranes but also the intracellular proteins.  The cellular 
membrane, anti-oxidative enzymes, and anti-ice nucleation enzymes protect the cells from 
extracellular ice and dehydration (Arora, 1997; Kasuga, 2007; Cansev, 2009).   
Cold acclimation in grasses 
Cold acclimation in perennial grasses is induced by decrease in temperatures, light 
intensity, photoperiod and water availability.  Changes in phospholipids, fatty acids, growth 
regulators, amino acids, and carbohydrates have been documented in annual Bluegrass (Poa 
annual L.) during the process of cold acclimation (Dionne, 2001).   The amount of water-
soluble sugars and carbohydrates maintained during the cold acclimation play an important 
role in survival. Autumn diseases or winter growth depleting those reserves decrease 
survival. In Lolium perenne it has been noted that crop management such as high nitrogen 
application or late cutting, which promote winter growth, have a negative effect on cold 
acclimation (Humphrey, 1988). 
In perennial ryegrass, the change in water-soluble carbohydrates, glucose, and 
phospholipids has been measured before and during cold acclimation.  Some measurements 
were taken from new spring shoots; others were taken from the entire adult tiller (Pollock et 
al, 1988; Thomas and James, 1993). Because of the large differences in tissue samples, these 
results contradicted each other (Pollock et al, 1988; Thomas and James, 1993).  Hoffman 
(2010) measured the water-soluble carbohydrates, glucose and fructose in perennial ryegrass 
crowns, since the vegetative meristem is the main site contributing to winter survival. 
Measurements were taken from four distinct accessions with varying degrees of freezing 
tolerance. During cold acclimation, in both low freeze tolerant and high freeze tolerant 
accessions, the total water-soluble carbohydrates and sucrose increased significantly. The 
high freeze tolerant accession contained the highest levels of both sucrose and water-soluble 
carbohydrates. These results suggest that high accumulation of water-soluble carbohydrates 
and sucrose could result in higher freezing tolerance (Hoffman, 2010). This study also 
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provided evidence that in L. perenne cellular membrane fluidity changes are involved in cold 
acclimation and in increased freezing tolerance (Hoffman, 2010).  
Deacclimation 
The process of deacclimation has been defined as reduction in cold or freezing 
tolerance. Exogenous events such as ambient temperature, photoperiod, and water 
availability are factors involved in deacclimation (Kalberer et al, 2006).  The process of 
deacclimation occurs at a faster pace than cold acclimation, and takes approximately seven 
days, depending on the plant species (Kalberer et al, 2006). Ambient temperatures have a 
large impact on the rate of deacclimation. If plants are exposed to higher temperatures, the 
process will occur faster (Kalberer et al, 2006).  
 Svenning et al (1997) and Taulavuon (2004) showed that deacclimation is regulated 
by environmental factors interacting with gene expression. During the process of 
deacclimation, a significant increase of water content in rye crowns was observed, and it was 
hypothesized that water increase also occurs in other grass species (Gusta, 1976).   
Deacclimation Resistance 
Plants response to warm temperatures does not occur instantaneously (Kalberer et al, 
2006; Kalberer et al, 2007). Duration of this ‘lag phase’ is dependent on the species, varying 
from minutes to hours (Kalberer et al, 2006; Kalberer et al, 2007). A possible explanation is 
the ability of plants to maintain freezing tolerance (Kalberer et al, 2006; Kalberer et al, 
2007). This deacclimation resistance (Kalberer et al, 2006) is a process, through which plants 
maintain all or a portion of its original freezing tolerance for some time. In this way, plants 
maintain freezing tolerance in the event of reacclimation (Kalberer et al, 2006), which is a 
process where a plant regains all or some of the original freezing tolerance in the case of 
dropping temperatures after a warm period (Kalberer et al, 2006).  If deacclimation resistance 
maintains some of the original freezing tolerance, then the process of reacclimation is less 
energy intensive as cold acclimation (Kalberer et al, 2006).  Therefore, deacclimation 
resistance could be a way for plants to save energy and survive a sudden decrease in 
temperatures, similar to temperature fluctuations in April 2007. 
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Reacclimatization to freezing temperatures depends on many endogenous factors 
including energy budget, deacclimation resistance status and growth of new shoots.  A plant 
exposed to a longer duration and higher degree of ambient temperatures begins to express 
biosynthesis genes and develops new shoots and looses the ability to reacclimate quickly 
(Kalberer et al, 2006; Kalberer et al, 2007).   
 During a typical day in winter, temperatures do fluctuate with warm day temperature 
and low night temperature. A study conducted by Eagles (1992) in L. perenne presented 
results that a typical circadian rhythm of warm day and low night temperatures actually 
encourage higher freezing tolerance. This study also proved that the short warm day 
temperatures caused less deacclimation in L. perenne than constant warm temperatures 
(Eagles, 1992).  
Laboratory experiments to determine freezing tolerance 
The goal of any laboratory assay for freezing tolerance is to measure an indirect effect 
of freezing damage such as ion leakage, to closely reflect the “real life scenario” in the field 
in a more controlled fashion. Laboratory assays are standardized and environmentally 
controlled procedures that indirectly measure freezing tolerance, currently there are no 
literature about using laboratory assay for tolerance to temperature fluctuations. These 
procedures measure one aspect involved in the process of freezing tolerance.  Laboratory 
assays require a large amount of work and require many replications are prone to wide 
variability in measurements causing low repeatability.  Freezing tolerance is a laboratory 
assay is indirectly by a form of correlation.  An example of a correlation; ion leakage assay 
measures ion leakage from cellular damage and cellular damage is caused by lack of freezing 
tolerance.  
Different laboratory experiments have been developed to determine freezing 
tolerance of plants indirectly, such as image analysis, based on the fractal spectrum of leaf 
color (Mancuso, 2003).   After cold treatment leaves are digitized, and split into red, green, 
and blue color components. The fractal spectrum of each color component is calculated 
(Mancuso, 2003). Chlorophyll fluorescence imaging is another procedure conducted to 
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determine the spatial resolution of the freezing damage over a leaf area (Ehlert, 2008). 
Freezing damage does not occur uniformly over the entire leaf, which can lead to a high error 
rate. However, it can be used for large-scale analysis of multiple samples (Ehlert, 2008). 
Using differential thermal analysis, Mancuso (2000) determines freezing tolerance by 
measuring the temperature of the plant tissue during freezing.  More recently, a freezing 
tolerance assay was generated on the premise that a plants freezing tolerance is strongly 
associated with the existence of cold induced genes (Halilogu, 2009). Halilogu (2009) 
conduct a laboratory freezing tolerance assay and a subsequent PCR analysis in barely, rye 
and wheat. Then determined that the barely genotypes that exhibited high freezing tolerance 
showed specific DNA markers in relation to cold acclimation genes (Halilogu, 2009).  
However, the correlation between freezing tolerance and DNA markers in this case only 
worked in barely, such a correlation between freezing tolerance and DNA markers has not 
been determined in L. perenne.  
Genes involved in cold acclimation and freezing tolerance 
The majority of cold and freezing tolerance research using molecular approaches has 
been conducted in the model plant Arabidopsis thaliana, where various genomic resources 
are available. The process of cold acclimation involves many different structural and 
functional processes (Figure 1.1) (Chinnusamy, 2007).  
Cold stress induces the expression of CBF1-3 (C-repeat binding factors) (Jaglo, 2001; 
Ciannamea, 2006; Hannah, 2006; Chinnusamy, 2007). These CBF genes are expressed 
during cold acclimation and bind to cis- elements in promoters and activate COR (Cold 
Regulated) genes.  CBFs regulate expression of genes involved in signaling, hormone 
metabolism, membrane transport, reactive oxygen species (ROS) detoxification, transcription 
and many other presumed cellular protective functions (Chinnusamy, 2006).  
The transcription factor ICE1 (Inducer of CBF expression 1) is expressed upstream of 
CBF and has a role in activating the expression of CBF3 (Chinnusamy, 2006).  ICE1 acts as 
master switch that controls many CBF-dependent and CBF-independent genes (Chinnusamy, 
2006; Heidarvand, 2010).   
CBF2 was found to be a negative regulator for CBF1 and CBF3 during the process of 
cold acclimation (Chimmusamy, 2006).  The fact that CBF2 is a negative regulator suggests 
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that self-regulation is important for CBF expression levels during cold acclimation.  An 
R2R3-Myeloblastosis family protein labeled MYB15 and a zinc-finger protein labeled 
ZAT12 also negatively regulate cold acclimation by reducing CBF expression (Chinnusamy, 
2006; Heidarvand, 2010). 
Genetic and metabolic feedback loops are one of many ways the process of cold 
acclimation is controlled.  ICE1 concentration levels are mediated by high expression of 
osmotically responsive gene1 (HOS1), which regulates ICE1 expression by enacting the 
degradation of ICE1.  The transcription factor ICE1 can negatively regulate MYB15 but the 
specifics on a molecular basis on how ICE1 negatively regulates MYB15 during cold 
acclimation is yet unknown (Chinnusamy, 2007). Further research in Arabidopsis has found 
two additional genes involved with transcriptional regulation of CBF 1-3 expression. 
Expression of CBF 1-3 was higher in Arabidopsis plants with a mutated gene when 
compared to wild type CBF 1-3 expression. FVE protein has high homology with 
retinoblastoma-associated protein (RbAp) and is part of a complex involved with 
transcriptional repression (Kim et al, 2004b).  Mutations in the FIERY2 (FRY2) gene also 
resulted in an increase in CBF1-3 expression. Predicted RNA structure data suggests that 
FRY2 is a negative regulator of genes and may have an important role in regulating cold 
stress responses in plant (Xiong et al, 2000).   ICE1, MYB15, ZAT12, HOS1, HOS9, 
HOS10, HOS15 and CBF2 all have a role in post-transcriptional regulation of the process of 
cold acclimation, showing that cold acclimation is a well control energy intensive process.   
However, the process of cold acclimation is not completely controlled by CBF 
expression alone. Approximately 75% of cold stress genes are not regulated by CBFs, as 
demonstrated by microarray analysis in Arabidopsis (Chinnusamy, 2007).  To fully 
understand all elements involved in cold acclimation further research of genes not regulated 
by CBFs is necessary. 
Candidate genes and expression profiles in Lolium perenne 
 The majority of genes currently associated with cold acclimation and freezing 
tolerance have been found in plant species other than L. perenne, such as in A. thaliana. 
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Figure 2.1: A flow chart documenting all known genetic factor involved with cold 
acclimation in Arabidopsis.  LEGAND: Activation: solid arrow, Post-translational 
regulation: dash arrow, Negative regulation: lines ending with a bar.  
 
Similar to Arabidopsis cold acclimation expression profiles, L. perenne COR and IRI-
like genes were up regulated during cold acclimation. Cold acclimation expression profiles of 
L. perenne also contained down regulated photosynthesis and respiration genes (Zhang et al., 
2009).  Tamura et al. (2006) isolated ten novel CBF cDNAs (LpCBF) from cold treated L. 
perenne and some of the LpCBF cDNAs were mapped in a cluster, which showed synteny 
with a Triticeae CBF gene cluster.  After further research, a CBF3-like transcription factor, 
LpCBF3 was found in the LpCBF gene cluster.  LpCBF3 contained all known conserved 
regions found in other CBF transcription factors and was expressed by cold stress (Xiong and 
Fei, 2006; Zhao, 2008). 
Objectives 
 
Lolium perenne (perennial ryegrass) is an important turf and forage crop in Europe, 
Oceania, and Asia, and has significant economic value. Perennial ryegrass is an important 
forage grass because it is highly digestible and tolerates high grazing pressures (Tamura, 
2006). Perennial ryegrass also has many favorable traits for turf usage: quick seedling 
development, high traffic tolerance and minimal maintenance requirement. Since perennial 
ryegrass is diploid in contrast to most other perennial turf, forage, and bioenergy grasses, it 
can be considered as model perennial grass species for genomic research.  One particular trait 
of perennial ryegrass, which inhibits expansion in the U.S., is the lack of tolerance to harsh 
winters (Gusta, 1980). 
Various genomic resources are available in L. perenne, including SSRs, ESTs, and 
BAC libraries (Asp, 2007; Farrar, 2006). A physical mapping project of the complete 
ryegrass genome is ongoing (Asp, personal communication). EST-based microarrays were 
developed for expression profiling, which has been used for studying disease resistance and 
cold acclimation (Zhang, 2006; Zhang, 2009; Ciannemea, 2006).   
The particular trait we were looking for and tested was the retention of freezing 
tolerance during fluctuating winter temperatures. Variable rates of winter temperatures and 
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the occurrence of extended elevated winter temperatures can induce the loss of cold 
acclimation. When cold winter temperatures return, plants that retained their cold acclimation 
survive.  Experiments conducted were used to determine a particular trait that allows plants 
to maintain all or some portion of freezing tolerance during warm fluctuating temperatures. 
This trait can be used in further breeding programs to enhance a plants ability to suffer less 
damage during extreme winter or spring temperature fluctuations similar to April 2007.   It 
was determined to use Lolium perenne for these experiments, since it is an important forage 
and turf crop and is sensitive to temperature fluctuations.  The objectives of this thesis are to 
(i) establish assays to access the phenotype of cold acclimation and resistance to 
deacclimation, (ii) determine accessions that survive winter temperature fluctuations, (iii) 
find new candidate genes involved with cold acclimation and deacclimation.  
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CHAPTER 2:  TESTING FREEZING TOLERANCE & 
DEACCLIMATION IN L. PERENNE USING FIELD TRIAL ASSAY & 
GROWTH CHAMBER ASSAY   
Introduction 
The main factor involved in a field trial assay is that environmental conditions are 
impossible to control. For this reason, it is necessary to have a sufficient number of 
environments, in which experiments are evaluated. A problem with regard to stress is, that 
the particular stress conditions can be absent (i.e., no freeze thaw cycles). In that case, 
environments might have to be dropped, as there will be no differentiation between 
experimental units (e.g., genotypes) 
 An alternative to field trials are in vivo freezing experiments under controlled 
conditions, e.g., in climate chambers. Larsen (1978) conducted an in vivo freezing assay by 
transplanting plants in test tubes and placing them in a cold glycol bath. After freezing, plants 
were acclimated to room temperature and transplanted into moist sand and re-grown. Plants 
were later evaluated visually on a 0 to 9 (dead = 0 to no damage = 9) scale.  
 Hulke (2007) conducted another assay with 480 genotypes, with ten replications each.  
In this assay, genotypes were grown in soil, cold acclimated, and frozen in soil. After 
freezing, plants were acclimated to 2°C, and then moved to a greenhouse. After three to four 
weeks, a visual score, similar to Larsen (1978), was taken on tiller survival.    
Jorgensen (2010) developed an in vivo freezing assay similar to Larsen (1978).  In 
this assay plants were cold acclimated under natural conditions in the field. At defined time 
points during winter and early spring, these plants were brought to a laboratory. Single tillers 
were removed and a bundle of tillers placed in moist sand and treated at various freezing 
temperatures. After freezing treatments the bundles were transplanted to fertilized peat and 
sand for slow deacclimation and regrowth. After approximately three weeks the number of 
tillers were counted.   
Considering that the ion leakage assay did not produce clear results, we decided to 
develop another assay to differentiate freezing tolerance or winter survival between Lolium 
perenne accessions and certain genotypes.  Unlike the ion leakage assay there are similar in 
vivo freezing assays published and served as a base for the new assay we developed (Hulke, 
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B., 2008).   The three objectives of this chapter and assays (i) conduct a large field trial with 
many L. perenne accessions exposed to winter conditions and assess the winter survival, (ii) 
to develop an in vivo assay that can be conducted with less labor and repetitions as a field 
trial assay but also actually assess winter survival of L. perenne and (iii) compare results 
from both field trial assay and in vivo to determine the correlation between the two assay and 
assess the in vivo assays accuracy. 
Materials and methods 
Field trial 
 Out of the 50 accessions used in this field trial 32 were selected based on winter 
survival data from the GRIN database, (Table 2.1) a majority of the accessions chosen were 
also used in a field trial conducted by Hulke (2007).  The other 18 accessions were selected 
from DLF International Seeds (Halsey, Oregon, USA) and were selected because of high 
winter survival.  Seed was sown in flats and grown in the greenhouse (14 hours light, 
approximately 15-23°C).   
In summer 2008, a randomized complete block design with four field plots and each 
accession was assigned to a random row in each plot. Ten genotypes from the randomly 
assigned accession were planted in each row, an equal distance from each other.  After 
competition each plot contained 500 genotypes generating a total of 2000 genotypes, after 
which all plots were watered, fertilized and monitored monthly.  
Plants were exposed to 2008-2009 winter conditions and after the 2008-2009 winter 
surviving genotypes were transferred to a single plot and pictures were taken to document 
surviving genotypes.  
During the summer of 2009, the plants were watered and fertilized. Plants that 
survived the 2008-2009 winter conditions were allowed to generate seed. The seeds was 
harvested and stored for future breeding experiments. Plants were exposed to 2009-2010 
winter conditions and the genotypes that survived were moved to a separate area in spring 
2010.  
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In vivo freezing assay 
The main purpose of the assay was to establish an in vivo assay, which can be more 
easily conducted as field trails, but which produces similar results with regard to freezing 
tolerance. Large Styrofoam planter boxes were used to simulate field conditions.   It was 
placed under freezing (F) conditions (Table 2.3) for 3 days to ensure that all soil in the 
planter box was homogeneously frozen.  
 
Table 2.1: A list of 50 different accessions of L. perenne used in the field trial for the winter 
of 2008-2009 and 2009-2010.  
This in vivo assay was designed to simulate conditions found during the winter of 
2008-2009 because of the extreme temperature event that occurred during February 2009 
(Figure 2.1).  Genotypes from each accession were exposed to control freezing conditions. In 
our 2008 – 2009 winter survival field trial two accessions, PI 577266 and PI 598453, both 
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from Romania, survived the field winter conditions quite well. Two other accessions PI 
418736 (Switzerland) and PI 598429 (Italy) did not survive the 2008-2009 winter conditions.  
Due to this observation these four accessions were chosen for the in vivo assay along with 
three other specific genotypes: Caddy because its high freezing tolerance (Zhang, 2009) and 
the L. perenne genotype labeled 23 and the L. perenne genotype labeled 25, both used in the 
microarray expression profiling experiment (Table 2.2).   Twelve to sixteen kernels from 
each of the four accessions mentioned above were sown in SB300 soil (SunGro Sunshine, 
Horticulture, Canada) and grown under Normal growth conditions (N).  Five genotypes from 
each accession were randomly chosen for the in vivo freezing assay.  
Accessions Origin Number of 
genotypes  
Number of 
Replications 
PI 577266  (23) Romania 6 5 
PI 598453 (28) Romania 5 5 
PI 418736 (18) Switzerland 5 5 
PI 598429  (25) Italy 6 5 
Caddy United States 5 5 
Table 2.2:  Information regarding accessions, origin of origin, the number of genotypes and 
the number of replications used for the in vivo assays.  
Custom made large Styrofoam planter boxes were filled with SB300 from SunGro 
Sunshine soil (Horticulture, Canada).  Five individual tillers from each genotype and the two 
perennial ryegrass genotypes, used for expression profiling assays, were randomly placed in 
the planter box. Three Styrofoam boxes were prepared and cultivated under Normal (N) 
growth conditions for 6 weeks (Table 2.3), before transfer to cold acclimation (CA) 
conditions. At the end of the cold acclimation period, the number of tillers developed from 
each initial tiller was recorded.  
After the cold acclimation treatment was completed the planter boxes were 
transferred to a temperature-controlled growth chamber.  Each box was exposed to a different 
period of deacclimation (D) conditions before reacclimation (R) (Table 2.4). All temperature 
changes were performed by increasing/decreasing the temperature slowly in hourly steps. 
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 Normal (N) Cold Acclimation (CA) 
Temperature (°C) 
Day/Night 
24/15°C 5°C 
Light (hours) 14 8 
Light (photons) 812.7 x 1017 82.47 x 1017 
Fertilizer Bi-weekly N/A 
Time Period 42 days  28 days 
Table 2.3: Growth conditions plants were exposed to during the growth chamber assay. 
Once the reacclimation (R) treatment was complete the temperature was slowly 
increased to 4°C, and maintained for 24 hours. Subsequently, tillers were cut back to 
approximately 2.5 cm and the temperature inside the freezer was slowly raised to 17°C over 
the course of four days.  Once the climate chamber temperature was maintained at 17°C for 
24 hours, the planter boxes were moved back to the N growth conditions.  The planter boxes 
were kept under N growing conditions for four weeks, after which the tillers from surviving 
plants were counted and pictures taken. 
 Freezing (F) Deacclimation (D) Reacclimation (R) 
Temperature (°C) 
Day/Night 
-5°C 10°C -5°C 
Light (hours) 0 8 0 
Light (photons) 78.56 x 1017  238.69 x 1017 78.56 x 1017  
Fertilizer N/A N/A N/A 
Time Period 3 days 3, 5, 7 days 3 days 
Table 2.4: Freezing and deacclimation treatment conditions plants were exposed to during 
the growth chamber assay. 
 
 
 22 
Results 
Field trial 
 From October 2008 to March 2009 the winter temperature conditions in the area of 
the field trial were collected from the NOAA weather station in Story Country, Iowa, USA.  
Visual monitoring conducted in January 2009 showed that the majority of the 2000 
genotypes were still alive.  From February 6th to 14th of 2009 the temperature was above 0°C 
for eight consecutive days, at times the temperature increased to 14°C. Suddenly during the 
night of the 14th of February the temperature dropped to below 0°C and stayed at this low 
temperature for two consecutive days (Figure 2.1). After such an extreme thaw and refreeze 
weather event 41 accessions perished. The nine accessions and the percentage of survival are 
shown in Table 2.5. 
Later in spring 2009, the surviving plants were transplanted in a single plot and 
maintained. Plants were exposed to 2009-2010 winter conditions but no extreme thaw and 
refreeze event occurred. According to NOAA Cold Climate records the winter of 2009-2010 
produced below normal temperatures and above normal amount of snow. Table 2.5 also 
shows the accessions that survived and the percentage survival from the 2009-2010 winter 
conditions. 
 
 
 
 
 
 
Table 2.5: Accessions that survived the 2008-2009 winter (W08-09) and the 2009-2010 
winter (W09-10). The percentage survival from W08-09 was calculated from the 40 
genotypes planted. The percentage survival from W09-10 was calculated from the reduced 
number of genotypes left after the extreme thaw and sudden freeze event.  
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Analysis of Field Data 
A generalized linear model analysis of the data on survival following the winter of 
2008-2009 was conducted using the number of plants that survived per row as a binomial 
response.  The logit of the survival probability was modeled as a linear function of the factors 
replication (4 levels) and accession (50 levels).  The likelihood ratio test for the overall 
significance of the accession factor indicated significant differences among accessions (Chi-
Square=505.46, degrees of freedom=49, p-value<0.0001). 
 
 
 
 
 
Figure 2.1: Graph showing the maximum and minimum temperatures in February 2009. 
Notice the increase in temperatures from February 6th to February 14th. 
Due to the large number of accessions with no surviving genotypes, asymptotic tests 
for differences between pairs of accessions were unreliable.  Thus, a permutation procedure 
was used to identify accessions with survival rates significantly greater than would be 
expected by chance under the null hypothesis of no accession effects.  Accession labels were 
randomly assigned to the rows within each replication, and the total number surviving 
genotypes across all four replications was computed for each accession label. The maximum 
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total number of surviving genotypes across all 50 accession labels was recorded. This process 
was repeated a total of 10,000 times to yield a permutation distribution for the maximum 
total number of surviving genotypes across all 50 accession labels. 
 In the actual data, 31 genotypes from accession 28 survived.  None of the permuted 
datasets yielded a maximum value as large as 31.  Thus, accession 28 exhibited a survival 
rate greater than would be expected by chance under the null hypothesis of no accession 
effects (p-value<0.0001).  The next most significant accession was accession 32 with 19 
surviving genotypes.  A total of 1046 of the 10000 permuted datasets yielded an accession 
with a count of 19 or more.  Thus, accession 32 (and all others) fell short of significance at 
the 0.1 level. 
Analysis of the data on survival through the winter of 2009-2010 led to similar 
results.  The generalized linear model analysis indicated significant differences among 
accessions (Chi-Square=359.62, degrees of freedom=49, p-value<0.0001). Permutation-
based analysis again identified accession 28 as the only accession with the survival rate 
greater than would be expected by chance under the null hypothesis of no accession effects 
(p-value<0.0001). 
Although the permutation analysis implicated only accession 28, the procedure is a 
conservative approach for identifying accessions of interest.  Thus, we considered many of 
the other top-performing accessions in our subsequent studies. 
Growth chamber freezing assay 
 After the three-day deacclimation treatment (N, CA, F, D3, R) accession 18 (PI 
418736), regrew to its original size, neither gaining nor losing any tillers. However, after the 
five-day deacclimation treatment (N, CA, F, D5, R) accession 18, regrew to 122%, growing 
22% more tillers than originally counted before freezing treatment. After exposure to seven-
day deacclimation treatment (N, CA, F, D7, R) none of the replications of accession 18 grew 
back.  
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 Accession 23 (PI 577266) regrew to 115%, growing 15% more tillers than originally 
counted before freezing, three-day deacclimation and refreezing treatment. After the five-day 
deacclimation treatment, accession 23, regrew 13% more tillers than counted before the 
freezing and deacclimation treatment. However, similar to accession 18, accession 23 did not 
grow back after seven-day deacclimation treatment. The genotype from accession 23 labeled 
as 23M/F had different regrowth results after the three-day and five-day deacclimation 
treatments. After the three-day deacclimation genotype 23M/F regrew to 126% more tillers 
than originally counted before treatment. The regrowth of genotype 23M/F was more 
significantly after the five-day deacclimation with a 36% increase in regrowth.  Genotype 
23M/F also did not grow back after the seven-day deacclimation treatment.  
 After the three-day deacclimation treatment accession 25 (PI 598429) had a reduction 
in growth to 93%. However, after five-day deacclimation treatment accession 25 grew 
by18% generating more tillers then originally counted.  Unlike accessions 18 and 23, 
accession 25 did survive the seven-day deacclimation treatment, with 5% regrowth.   The 
genotype from accession 25 labeled as 25GB, had very similar regrowth results in both the 
three-day and the five-day deacclimation treatments; with a reduction of growth after the 
three-day deacclimation treatment to 92% and an increase in growth after the five-day 
deacclimation treatment to 118%. However, unlike accession 25 the genotype labeled 25GB 
did not survive the seven-day deacclimation treatment. 
 Accession 28 (PI 598453) had a similar pattern of regrowth as genotype 23M/F. After 
the three-day deacclimation treatment, regrowth of accession 28 was measured at 110% 
indicating that the accession grew 10% more tillers than originally counted before freezing 
treatment.  The regrowth of accession 28 significantly increased after the five-day 
deacclimation treatment by 34% to 134% growth. Accession 28 was also one of the few 
accessions that survived the seven-day deacclimation treatment, but only 10% of the original 
tillers grew back.   
 
 
Statistical Analysis of Regrowth
Separate analyses were conducted for three
data.  For the three-day and five
divided by the initial number of tillers was computed for each genotype.  A single factor 
analysis of variance was conducted using these ratios as the response and accession as the 
single factor.  No significant differenc
day or the five-day data. 
 A generalized linear model analysis was also conducted for the regrowth data 
after three and five days of acclimation. Number of tillers upon regrowth was modeled as a 
Poisson distributed response. The log of the Poisson mean was assumed to be a linear 
function of the initial number of tillers with an accession
evidence of over dispersion, an over
to test for significant differences among accessions.  No significant differences were 
identified at the 0.05 level for either the three
Figure 2.2: Graph showing percentage regrowth after three
deacclimation treatment.   
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Most genotypes (130 of 135 total across the 5 accessions) showed no regrowth after 
seven days of acclimation.  Thus, the analysis strategies used for the three-day and five-day 
data are not appropriate for the seven-day data.  A chi-square test was conducted to 
determine if the probability of any regrowth differed across accessions. A simulation 
approach yielded a p-value less than 0.01.  The significant difference was primarily due to 
the accession Caddy, which had the highest rate of regrowth (2 of 6 genotypes).  When the 
Caddy data were removed from the analysis, the p-value for the chi-square test rose above 
0.25.  This indicates that Caddy had a significantly higher rate of regrowth than the other 
accessions, which were not significantly different from one another.  
 
Figure 2.3:  The picture on 
the bottom left was taken after 
the five-day deacclimation 
treatment. The picture on the 
top right was taken after the 
seven-day deacclimation 
treatment. In the lower picture 
(5 days of deacclimation) 
shows that all replicates grew 
back with many tillers. 
However, in the top picture (7 
days of deacclimation) shows 
one of the replicates that grew 
back and it is noticeable to see 
the difference in plant 
regrowth.  
The accession Caddyshack had a different regrowth pattern than any other accession. 
After the three-day deacclimation treatment the percentage of regrowth only increased by 7% 
to 107% regrowth. After the five-day deacclimation treatment the regrowth of the accession 
Caddyshack decreased to 91% losing 9% of the accessions original tiller count. The 
accession Caddyshack did not have the highest regrowth percentage in either the three-day or 
five-day deacclimation treatment. However, Caddyshack did have the highest regrowth 
percentage after a seven-day deacclimation treatment. Although only 27% of the original 
tillers grew back, this value is significantly higher than for accessions 25 (7%) and 28 (10%). 
 28 
The most noticeable similarity between accessions 25, 28 and Caddyshack’s regrowth after 
seven days deacclimation treatment was the lack of vigor to regrow (Figure 2.3).  
Discussion 
 The winter of 2008-2009 presented us with a unique opportunity, to conduct analysis 
not only on cold acclimation but also deacclimation resistance.  The long deacclimation 
period followed by a sudden freezing caused a large percentage of genotypes in the field trial 
to perish. This indicates that not only is cold acclimation important for winter survival but 
deacclimation resistance and reacclimation also play an important role. The results from the 
field trial helped to develop an in vivo freezing assay. The fact that so many genotypes 
perished in the field after a thaw and refreezing event raised the question the critical length of 
deacclimation periods, which for most of the genotypes tested was seven days. 
When comparing the eight-day deacclimation period in the field trial was compared 
to the seven-day period in growth chamber assays, there were some similarities and some 
differences.  In both experiments accession 18 (PI 418736) did not survive and accession 28 
(PI 598453) did survive. Accession 23 (PI 577266) survived the eight-day deacclimation and 
sudden freezing in the field trial (25%), but accession 23 did not survive the seven-day 
deacclimation and sudden freezing in the growth chamber assay.  Accession 25 (PI 598429) 
did survive the seven-day deacclimation and sudden freezing in growth chamber assay (5%), 
but did not survive the eight-day deacclimation and sudden freezing in the field trial.   
The difference in results regarding accession 23 (PI 577266) in the field trial and 
growth chamber assays could possible be explained by plant width. Hofgaard (2003) found in 
another growth chamber assay testing freezing tolerance found that plant size or number of 
tillers did alter results. The fact that the number of tillers in the growth chamber assay was 
smaller then in the field trial assay could have played a role in the ability of accession 23 
survivals in the field trial.  Other factors to be considered are that different sunsets of 
genotypes were used in the field and chamber trials and since the majority of the field trial 
plants did not survive the winter it is hard to compare the two assays.  
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The possible explanation for the difference in accession 25 (PI 598428) results is the 
length of the deacclimation. Considering all the 25 (PI 598428) genotypes perished after the 
eight-day deacclimation and freezing and four of the five genotypes perish after the seven-
day deacclimation and freezing.  This indicated that PI 598428 (25) maintains some portion 
of freezing tolerance after seven days. It is possible that a seven-day deacclimation period is 
the limit at which the accession 25 can maintain freezing tolerance.  
We were not able to compare field trial and growth chamber results for the accession 
Caddyshack because it was not included in the field trial. Caddyshack was proven to have a 
low Lt50 value indicating a high freezing tolerance (Zhang, 2009). Because of this high 
freezing tolerance Caddyshack was added to the growth chamber assay.  The fact that 
Caddyshack had the highest percentage of regrowth (27%) after a seven-day deacclimation 
treatment supports previous research (Zhang, 2009), which determined a high freezing 
tolerance of Caddyshack.  
Taking in to consideration Caddyshack’s high freezing tolerance, long deacclimation 
resistance period and ability to reacclimate quickly, it is possible that all three processes are 
linked. Potentially, if a plant has a high freezing tolerance it might also have a long 
deacclimation resistance period and the ability to reacclimate quickly. However, further 
growth chamber assays must be conducted test this hypothesis.   
 Overall using a controlled growth chamber assay is a good assay to use when testing 
specific accessions or genotypes. Considering the fact that the field trial is exposed to 
uncontrolled environmental conditions; the controlled growth chamber has an advantage 
because it is able to control the environmental factors, allowing for the interested traits to be 
tested.   
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CHAPTER 3: TESTING COLD ACCLIMATION AND 
DEACCLIMATION RESPONSES IN L. PERENNE USING ION 
LEAKAGE ASSAYS 
Introduction 
Freezing damage of plants 
The majority of the damage caused by freezing injury is due to cellular dehydration 
(Ruelland, 2009).  When a plant is exposed to temperatures below 0°C, ice forms in the 
intercellular space and the water potential outside the cell drops, allowing water to leave the 
cell (Xin, 2000).  As the water content decreases the membrane surface area also decreases.  
When the temperature increases and the ice thaw; osmosis causes the water volume inside 
cells to increase (Xin, 2000).  If the membrane is not able to regain its original surface area, 
the cell will lyse from the influx of water (Xin, 2000; Ruelland, 2009).  
 Plant tissue must tolerate extreme cellular dehydration, causing cells to shrink and 
occasionally collapse because of the lack of water in the cell (Guy, 2003).   The collapse of 
cells is another form of cellular damage that leads to release of ions.  Ions released from 
damaged or dead cells are measured indirectly via conductivity in aqueous solution.  
After a plant has been exposed to freezing conditions many different indicators of 
injury are noticeable: water-soaked appearance, surface lesions, or desiccation. Other 
physiological indicators can be measured experimentally: electrolyte and metabolite leakage, 
ethylene production and tissue breakdown (Sharma, 2005). 
Ion leakage assays, also known as electrical conductivity or electrolyte leakage assays 
is a method used to indirectly measure freezing tolerance in plant tissues.  This method 
determines freezing tolerance in plants by measuring the amount of ions leakage from injured 
cells under the premise that freezing injury is correlated with ion leakage (Mancuso, 2004).   
When performing the various ion leakage assay the objective was to first determine 
when the process of cold acclimation was stable then expose plants to freezing and 
deacclimation conditions to determine the freezing tolerance. The hypothesis is that the ion 
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leakage assay conducted after freezing conditions will show an increase in freezing tolerance.   
Ion leakage assay testing after deacclimation was to determine deacclimation resistance.  The 
hypothesis is that the ion leakage assay conducted after deacclimated conditions will show 
that as the deacclimation conditions continue the freezing tolerance decreases.  The objective 
of this chapter is to (i) review ion leakage assay details and design, (ii) analysis of ion 
leakage results from chosen L. perenne accessions, (iii) discussion on ion leakage assay 
design and technical complications.  
Materials and Methods 
Plant materials 
Five accessions of Lolium perenne were chosen for ion leakage assays. PI418717, 
PI577252, and PI598429 are accessions from Italy, while PI577269 and PI610803 are 
accession from Norway.  These accessions were chosen under the assumption that perennial 
ryegrass adapted to climate condition in Northern Europe and the Mediterranean, 
respectively, differ in their reaction to low temperatures.  Similar to the field trial assay the 
accessions were chosen from the information available on the Germplasm Resources 
Information Network (GRIN) database, a USDA, ARA National Resources Program. The 
seeds were obtained from the National Germplasm Resources Laboratory (Beltsville, 
Maryland). 
Growth conditions 
One genotype from each accession was grown under greenhouse conditions (16 
hours, approximately 15-24°C) in soil (SB300 from SunGro Sunshine, SunGro Horticulture, 
Vancouver, Canada), fertilized bi-weekly with Peters Excel CalMag Grower (Scotts-Sierra 
Horticultural Products Company, Marysville, Ohio) until each genotype had approximately 
300 tillers.  Once a sufficient number of tillers were generated, bundles of tillers were placed 
in a Styrofoam box (approximately 30.5 cm in length, 20 cm in width, and 15cm in height) 
with bottom drain holes and filled with soil. The number of tillers transplanted into the 
Styrofoam box corresponded with the three to four tissue sample replications per 
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experimental entry. The tillers were arranged in the box by experimental design, when the 
experimental design was testing more than three accessions of L. perenne two boxes was 
used to avoid overcrowding. During these experiments a bundle of tillers for each accession 
was placed in each box, allowing the accessions to be placed in two separate boxes. When 
the experimental design was testing three or two accessions of L. perenne only one box was 
used, allowing all accessions to be placed in one box. 
All genotypes used in the described ion leakage assays were cultivated four weeks 
under normal condition (N, Table 2.1). Plants assayed after freezing and deacclimation had 
been exposed to cold acclimation conditions (CA) for four weeks to ensure complete cold 
acclimation. Growth conditions applied during freezing (F) and deacclimation (D) are listed 
in Table 3.2. 
 Normal (N) Cold Acclimation (CA) 
Temperature (°C) 
Day/Night 
24/15°C 5°C 
Light (hours/day) 16 8 
Light (photons) 812.7 x 1017 82.47 x 1017 
Fertilizer Bi-weekly N/A 
Time Period 28 days 1,5,10,14, or 28 days 
Table 3.1: Growth conditions used during ion leakage assays. 
 Pyrex tubes (14-955L, Thermo Fisher Scientific Inc. Pittsburg, PA) were cleaned, 
labeled, and cooled to 5°C. After which 100 µl of cold de-ionized water was added to each 
tube.  The day before ion leakage assays, plants were prepared in a 5°C walk-in cooler.  
Tillers were carefully removed from the soil, ensuring that they were still attached to the 
tillers. Cold de-ionized water was used to remove excess soil from roots, as well as dead 
tissue near the tiller crown. The majority of the root system was removed, leaving only 0.5 
cm of the roots at the plant base. Two centimeters of the above ground tillers were kept and 
the rest cut, leaving a total length of tillers including roots of 2.5 cm. The 2.5 cm of tiller 
sample was placed in the tube ensuring that roots were submerged in water at the bottom of 
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the Pyrex tube.  The tubes with water and tiller samples were covered and left in the 5°C 
walk-in cooler until the following day.  Tubes and tiller samples for the one-day cold 
acclimation treatment were prepared at room temperature and then placed in the 5°C walk-in 
cooler for 24 h cold acclimation.  
For ion leakage assays, two glycol baths (Model 3028, Fisher Scientific Inc. 
Pittsburg, PA) were used, that allowed temperatures in solution as low as -18°C.  The initial 
glycol temperature was set at -1.5°C.  Once the temperature stabilized, tubes were carefully 
placed into a glycol bath. Tiller samples from each genotype were stored at 0°C during the 
course of the procedure and did not receive any treatment, these tiller samples were labeled 
as the control. Thermocouples, which measure temperature, were placed in glycol and 
attached to a tiller sample to monitor temperature changes both in the glycol bath and tiller 
sample.  After tiller samples acclimated to lower temperatures, small ice chips were dropped 
into the water in each tube to start the process of ice nucleation.  Once the ice chip comes in 
contact with the water, the water in the tiller sample begins to freeze, releasing heat. This 
short increase of the temperature was documented by the thermocouples.  After ice 
nucleation, tiller samples were again left to acclimate for 2 hours at -1.5°C.  Then the 
temperature of the glycol baths was stepwise decreased by 0.5°C every 30 minutes. Once 
reaching -4°C the temperature was decreased by 1°C every hour, after reaching -9°C the 
temperature was decreased by 2°C every hour until the temperature reached -15°C.  While 
the glycol temperature was decreasing, tubes were removed at predetermined temperatures (-
5°C, -7°C, -9°C, -11°C, and -15°C) and thawed on ice overnight.    
During the course of these experiments the initial rates of temperature decrease and 
length of acclimation time was changed, because the initial rate of temperature decrease did 
not reach the limit of the equipment as was longer than necessary. The starting temperature 
was changed to -1°C and maintained for 1.5 hours. The original temperature scheme was 
followed to -7°C after which the temperature was decreased by 2°C until a temperature of -
17°C was reached.  Tissue samples were taken out of the glycol bath at the following 
temperatures: -1°C, -3°C, -5°C, -7°C, -9°C, -11°C, -13°C, -15°C, and -17°C. 
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Figure 3.1: Flow chart of the ion leakage assay developed for testing L. perenne responses to 
cold acclimation, freezing and deacclimation. 
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 Freezing (F1) Freezing (F2) Deacclimation (D#) 
Temperature (°C) 
Day/Night 
-2°C/-8°C -5°C 10/4°C 
Light (hours/day) 8 0 8 
Light (photons) 78.56 x 1017  78.56 x 1017  238.69 x 1017 
Fertilizer N/A N/A N/A 
Time Period 7 days 36 hours 1, 5, 9 days 
Table 3.2: Freezing and deacclimation conditions used during ion leakage assays. 
The next morning the thawing process continues by moving the tubes and tiller 
samples from ice to a 4°C cooler for two hours, and then to room temperature for one hour.  
After tiller samples acclimated to room temperature, 15 ml of de-ionized water was added to 
each tube, vacuum-infiltrated at ~20 kPa for 3 min to draw ions out of the tiller sample and 
into the aqueous medium.  After all tiller samples were vacuum-infiltrated, they were shaken 
at 250 rpm on a platform shaker for an hour (Model Innova 2300; New Brunswick Scientific 
Co. Inc). Immediately after the shaking was complete, the initial electrical conductivity (LI) 
was taken at room temperature using a conductivity meter (Model 3100; YSI Inc.). The 
electrical conductivity of the control tubes (Lc) and of the tubes taken out at different 
freezing temperatures (Lt) was recorded. After measuring the initial electrical conductivity, 
the tiller samples were placed in an autoclave at 121°C for 20 minutes with a slow exhaust 
cycle of 7.56 g/s.  The final electrical conductivity (LF) was measured after cooling to room 
temperature. 
Data calculation 
The data collected from the ion leakage assay (initial and final conductivity 
measurements) were used to calculate percent cellular ion leakage (PL), ((LI/LF) x 100), 
percent cellular injury (PI), (((Lt-Lc)/(100-Lc))*100) and adjusted-percent injury celluar 
((PI*100)/Ltmax). Using the percent-adjusted injury, a Gompertz curve was drawn to 
determine Lt50 (Figure 3.2). The percent leakage only refers to the damage caused in each 
single tiller sample, whereas injury measurements are related to the leakage of control tiller 
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samples allowing comparison between tiller samples of an experiment. The Lt50 is the 
temperature at which 50% of the adjusted injury had occurred to the plant cells and is a 
common method to indirectly measure freezing tolerance.  
 
 
 
 
 
 
 
 
 
Figure 3.2: Gompertz curve to determine Lt50, calculated from adjusted percent injury by 
the statistical and graphing program SigmaPlot 11.  
To determine Lt50, the adjusted injury value for each genotype is calculated and then 
plotted on a statistical and graphing program (SigmaPlot 11, Systat Software Inc, Chicago, 
IL). A Gompertz curve (Figure 3.2) was used to determine mortality rates.  Once the graph is 
generated a line is drawn from the 50% Adjusted Injury to the Gompertz Curve for each 
particular genotype.  The temperature, at which these two lines meet, is where an estimate 
50% of the plant cells perishes, also known as Lt50.  Code was written by Dr. Dan Nettleton, 
for the statistical software package, (R Foundation for Statistical Computing, Vienna, 
Austria) to determine the difference between genotypes and how well the Gompertz curves 
fit the percent leakage (PL) data (Figure 3.2).  
Determining freezing tolerance during cold acclimation 
The first group of experiments conducted was to determine the freezing tolerance of 
all five genotypes (PI 598429, PI 577269, PI 418717, PI 577252, PI 610803) during different 
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lengths of cold acclimation. Experiment 1 was conducted with all five genotypes in two 
Styrofoam boxes; the genotypes were placed in Normal (N) conditions and then exposed to 
one day of cold acclimation (CA) conditions. Experiment 2 was conducted in a similar way 
as Experiment 1, five L. perenne genotypes in two Styrofoam boxes with the cold 
acclimation conditions (CA) extended to five days. Experiment 3 was also conducted in a 
similar ways as Experiment 1 and 2, with the cold acclimation conditions (CA) were 
extended to fourteen days. However based on results from Experiments 1 and 2, the number 
the genotypes were reduced to three (PI 598429, PI 577269, PI 418717), as shown in Table 
3.3. These Experiments were done to determine a basis of the cold acclimation process and to 
reduce the number genotypes for further ion leakage assays. 
Experiment 4 was conducted with the same Normal (N) and cold acclimation (CA) 
conditions as Experiment 1, with the three chosen L. perenne genotypes. Experiment 5 was 
conducted with the same Normal (N) and cold acclimation (CA) conditions as Experiment 2, 
with the three chosen L. perenne genotypes. Because of the inconsistent results from 
Experiment 1 and 4, the experimental conditions were reproduced in Experiment 6, where 
the three L. perenne chosen were exposed to Normal (N) and cold acclimation (CA) 
conditions.   
Due to the large variability in results in Experiments 1 and 4 and Experiments 2 and 
5, it was decided to two more Experiments labeled 7 and 8 with the same conditions and 
were conducted only one day apart, to avoid influences caused by age of the plant material.   
Experiments 7 and 8 were conducted with two L. perenne genotypes (PI 598429, PI 418717) 
because the third L. perenne genotype (PI 577269) did not have enough available tiller 
samples.  At this time a new and shorter experimental protocol mentioned earlier was 
implemented.  
After conducting the repeatability Experiment (Experiments labeled 7 and 8) it was 
thought the assay itself may not be causing the wide variability of results. The wide 
variability of results obtained from previous experiments could be caused by plants different 
rates of obtaining cold acclimation.  To further test this idea two more Experiments were 
designed and conducted, in Experiment 9, tiller samples were exposed to normal (N) and 
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then ten days of cold acclimation (CA) conditions. In Experiment 10, tiller samples were 
exposed to normal (N) and then fourteen days of cold acclimation (CA) conditions.  The 
premise of these two Experiments is based on past results that the process of cold acclimation 
is complete at approximately fourteen days (Gay et al, 1990). In the Experiment 9, was 
conducted with two L. perenne genotypes (PI 598429, PI 418717) because the third L. 
perenne genotype (PI 577269) did not have enough available tiller samples.   However, in 
Experiment 10, all three L. perenne genotypes were used. The next phase of the ion leakage 
assays was designed to analyze the L. perenne response to freezing and deacclimtion. For 
future temperature regimes cold acclimation treatment was at least 28 days long to ensure the 
process of cold acclimation was stabilized, Experiment 11. 
Experiment  Conditions Reps L. perenne accessions 
1 N, CA1 3 PI 598429, PI 577269, PI 418717, 
PI 577252, PI 610803 
2 N, CA5 3 PI 598429, PI 577269, PI 418717, 
PI 577252, PI 610803 
3 N, CA14 3 PI 598429, PI 577269, PI 418717, 
4 N, CA1 4 PI 598429, PI 577269, PI 418717 
5 N, CA5 4 PI 598429, PI 577269, PI 418717 
6 N, CA1 and 5 4 PI 598429, PI 577269, PI 418717 
7 and 8 N, CA1 4 PI 598429, PI 577269, PI 418717 
9 N, CA10 4 PI 598429, PI 418717 
10 N, CA14 4 PI 598429, PI 577269, PI 418717 
11 N, CA28 4 PI 598429, PI 418717 
Table 3.3: The experiments conducted were labeled, showing conditions, replications, and L. 
perenne accessions associated with each experiment. Experiments shown here (1-11) were 
conducted to determine L. perenne response to varying lengths of cold acclimation. 
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Determining freezing tolerance during freezing and deacclimation 
Since the number of genotypes involved in the ion leakage assay was reduced from 
five genotypes to two genotypes (PI 598429, PI 418717) we were able to add more replicates 
to the assay, the only limiting factor was the amount of tiller sample availability. 
Experiment 12 was designed to analyze L. perenne respone to freezing conditions. 
The two chosen L. perenne genotypes were exposed to normal (N), cold acclimation (CA28) 
and freezing (F1) conditions. It was decided to expose plants to seven days of freezing 
conditions with day and night temperature fluctuations with eight hours of light to ensure all 
tissue was frozen.  Experiment 13 was designed to contribute further analysis of freezing (F1) 
followed by a short deacclimation (D1.5) condition.  
 Due to the many technical problems encountered during freezing conditions with 
temperature fluctuations and preparation of tiller samples from Experiment 12, frozen soil 
and damaged tiller samples it was decided to shorten the freezing period from 1 week (F1) to 
36 hours (F2) without the temperature fluctuations and eight hours of light. The purpose of 
freezing treatment is to ensuring the plant is frozen completely, since L. perenne tillers are 
small the time period in which the tiller sample freeze can be shortened.   Using the new 
freezing conditions (F2) Experiment 14 was conducted using the two chosen L. perenne 
genotypes. Plants were exposed to normal (N), cold acclimation (CA28), freezing (F2) and 
one-day deacclimation (D1) conditions. 
 The following Experiment, 15, plants were exposed to a normal (N), cold acclimation 
(CA28), freezing (F2) and a longer five-day deacclimation (D5) conditions. During the five-
day deacclimation period the tiller samples received 100ml of deionized water on day three 
of the deacclimation period. This was done to ensure that the tiller samples did not perish 
because of drought conditions. After the five-day deacclimation period the tiller samples 
were prepared in the 5°C walk-in cooler. For the last ion leakage assay Experiment 16 plants 
were exposed to normal (N), cold acclimation (CA28), freezing (F2), and a nine-day 
deacclimation (D9) conditions. During the nine-day deacclimation period the plants received 
100ml of deionized water on day three and day six of the deacclimation period. Water was 
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give on day three and day six to ensure that the water content does not affect results when the 
tiller samples were prepared in the 5°C walk-in cooler on day nine of the deacclimation 
period. 
Experiments Conditions Reps Accessions 
11 N, CA28 4   PI 598429, PI 418717 
12 N, CA28, F1 4 PI 598429, PI 418717 
13 N, CA28, F1, D1.5 4 PI 598429, PI 418717 
14 N, CA28, F2, D1 4 PI 598429, PI 418717 
15 N, CA28, F2, D5 4 PI 598429, PI 418717 
16 N, CA28, F2, D9 4 PI 598429, PI 418717 
Table 3.4: The experiments conducted were labeled, showing conditions, replications, and L. 
perenne accessions associated with each experiment. Experiments shown here (11-16) were 
conducted to determine L. perenne response to varying lengths of deacclimation. 
Results 
Ion leakage results 
 Ion leakage experiments were conducted to determine freezing tolerance of Lolium 
perenne at various temperature regimes, Freezing (F), and Deacclimation (D) as noted in 
Table 3.2.   The ion leakage assay was employed to determine the temperature at which 
Lolium perenne genotypes from different geographical origins show the clearest differences 
in their reactions to cold acclimation and deacclimation.  Finally, the information was 
collected to inform and design expression profile experiments.  
The first set of ion leakage assays were conducted to determine when the process of 
cold acclimation reached its peak at 5°C and stabilizes. This procedure was determined by 
verifying reproducibility of Lt50 estimates based on ion leakage.   Since five genotypes were 
initially chosen, the first objective was to differentiate between genotypes, to determine the 
poor and high freezing tolerant genotypes. Experiments 1 and 3 (Figure 3.3) were conducted 
to determine genotype 25 had the lowest and best Lt50 value of all the chosen genotypes, 
with genotype 24 also showed a low Lt50 value. When comparing genotype 17 to both 
genotype 24 and 25 (Figure 3.3) shows that G17 
and 30 were removed from any further analysis since both genotypes exhibit a moderate rate 
of freezing tolerance.  
Figure 3.3: This Figure shows all five genotypes during one day and five day cold 
acclimation periods. During the two
chosen based on one day and five day cold acclimation results.
To further differentiate between the three genotypes remainin
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Comparing genotype difference in E
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Experiment 2 and 5 results.  
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Figure 3.4: Experiments 4 and 5 were conducted with the three chosen genotypes to gain 
more information about the different response between genotypes. 
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Figure 3.5: Experiment 6 was conducted to repeat experiments 4 and 5. Review
3.4 and 3.5, there is a noticeable difference in genotypes 25 and 24. 
Due to wide variability of Lt50 values from short lengths of cold acclimation 
treatment, it was decided to expose plants to 28 days of cold acclimation in Experiment 11 
(Figure 3.8). This longer length of cold acclimation was used to ensure that cold accli
was stable in both genotypes. 
An ion leakage assay was conducted after F
Experiment 12 we expected to see the
tolerance, since plants were exposed to colder temperatures. In Experiment 13 it 
expected to see the Lt50 values increase, indicating a decrease in freezing tolerance, since 
plants were exposed to deacclimation conditions. The actual Lt50 values from Experiment 12 
and 13 seen in Figure 3.8 show a freezing tolerance increase after a deacclimation period.
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Figure 3.6: Because of the wide3 variability of Lt50 values a repeatability 
experiment was conducted to determine the repeatability of the assay.
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Plants used in Experiment 9 and 10 were exposed to ten days and fourteen days 
of cold acclimation respectively. Genotype 24 tiller samples were only used during 
experiment 10 because of the lack of available tissue. 
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 Figure 3.8: The Figure above shows the Lt50 values for E
genotypes 17 and 25.  The span of results shows an interesting pattern when comparing the 
two lengths of the freezing conditions (Experiments 13 and 14) and also when comparing the 
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xperiments 11 through 16 for 
through 16).  Experiment 11: Four weeks of cold 
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Another intriguing result was observed when comparing Experiment 13 and 14. In 
genotype 17 especially it is quite easy to see a large freezing tolerance difference between the 
two experiments. In Experiment 13 with the longer freezing period the Lt50 value in 
genotype 17 dropped to -11°C, whereas in Experiment 14 with the shorter freezing period the 
Lt50 value of genotype was only -5°C.  
Experiments Difference of 
Genotypes 
Lack of 
Fit 
Experiments Difference of 
Genotypes 
Lack of 
Fit 
1 2.22 x10-16 1 9 N/A N/A 
2 5.6944x10-8 1 10 0.01321 0.0002 
3 1.727x10-8 0.0054 11 0.132 0.0002 
4 0 1 12 1.04x10-6 0.0012 
5 0.0002 0.658 13 1.11x10-12 1 
6 0.157 0.7009 14 1.727 0.0054 
7 0 1 15 0.0581 0.0025 
8 0 0.1928 16 0.0002 0.0046 
Table 3.4: Statistical analysis of Gompertz curves, analyzing difference between genotypes 
and the curves lack of fit. 
 Statistical analysis was conducted after all ion leakage assays were completed. The 
statistical analysis was conducted to help explain the results. Experiment 1 (N, CA1) and 2 
(N, CA5), were created to establish a difference between the five chosen genotypes (PI 
598429, PI 577269, PI 418717,PI 577252, PI 610803). The statistical results from these two 
experiments do show genotypic difference in freezing tolerance, indicated by low p-value 
(2.22 x10-16 and 5.6944x10-8 respectively). The value calculated for the lack of fit for these 
two Experiments (1 and 2) also show that the Gompertz curve fit the data well. However the 
statistical analysis from Experiment 3 (N, CA14), where only three genotypes were tested (PI 
598429, PI 577269, PI 418717), shows a stark difference in the lack of fit calculation. The 
low p-value (0.0054) in the lack of fit for Experiment 3 indicates that the Gompertz curves 
not fit well.  
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 Statistical analysis of Experiment 4 (N, CA1) showed no genotypic difference but the 
Gompertz curve did fit the data well. However, Experiment 5 (N, CA5) did show genotypic 
difference. Experiments 6, 7, and 8 all show that there was no genotypic difference in 
freezing tolerance during these experiments (p-value = 0.157, 0, and 0).  
 In Experiment 9 (N, CA10) genotype 17 ion leakage measurements was so wide 
spread that a Gompertz curve could not be generated. Therefore genotypic difference and 
lack of fit analysis could not be done.  Statistical analysis in both Experiments 10 and 11 (N, 
CA14 and N, CA28) showed that there was no genotypic difference (p-value=0.01321 and 
0.132) and the Gompertz curve could not adequately fit the data (p-value=0.0002 and 
0.0002). Experiment 12 (N, CA28, F1) did show genotype difference (p-value=1.04x10-6) in 
freezing tolerance but the Gompertz curve did not fit the data (p-value=0.0012). Experiment 
13 (N, CA28, F1, D1.5) statistical analyses indicated that there was a genotype difference (p-
value = 1.11x10-12) in freezing tolerance and the curve did fit the data collected (p-value = 
1).  
 In Table 3.4, Experiment 14 (N, CA28, F2, D1) and 15 (N, CA28, F2, D5) did not show 
any genotypic difference (p-value = 1.727 and p-value = 0.0581) and the data collected in 
both Experiments did not fit the data well (p-value = 0.0054 and p-value = 0.0025). 
Statistical analysis of Experiment 16 (N, CA28, F2, D9) indicated that there was a genotypic 
difference in freezing tolerance (p-value = 0.0002) but the Gomerptz curve did not fit the 
data (p-value = 0.0046).     
Discussion 
 Ion leakage assays have been used in many prior studies to determine freezing 
tolerance of cold acclimated plants (Fiorino, 2000; Hisano 2004; Xiong, 2006; Xiong, 2007; 
Cansev, 2009; Zhang, 2009).  However, there is no literature about using ion leakage assays 
for deacclimation resistance, the retention of freezing tolerance.  
In the previous studies mentioned, there was no mention of similar problems even in 
studies that also used Lolium perenne.  Mancuso (2004) stated many factors that could affect 
the results collected from an ion leakage assays.  The shape and size of the tissue sample, the 
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amount of ions and water in the tissue, and any injury inflicted during preparations of tissue 
samples are some of the factors that Mancuso (2004) listed.  Considering other ion leakage 
assays using Lolium perenne did not experience the same wide variability in Lt50, it is quite 
plausible that one or all of these factors affect the result collected.   
While conducting the ion leakage assay we can across many technical problems. The 
first problem was choice of Lolium perenne genotypes; originally the two genotypes to be 
used in this assay and following assay were parents of a mapping population conducted in 
Aarhus University, Denmark. However, these plants could not enter the U.S. because they 
were infected by a virus and since Lolium perenne is self-incompatible seeds could not be 
generated.  Another technical factor as could have impacted the results was the length of time 
between preparing the tissue and conducting the ion leakage assay (Mancuso, 2004). Since 
the assay itself took over 14 hours to complete, tissue was prepared the previous day. The 
amount of tissue required for the ion leakage assays was another problem. Some of the 
genotypes used of this assay were slow growing. Therefore it took some time to generate 
enough tillers for the experiments conducted.  
 When conducting the ion leakage assays, we expected to see an increase in freezing 
tolerance as the length of cold acclimation was increased.  We expected to see the freezing 
tolerance increase when plants were exposed to freezing conditions. Then when plants were 
exposed to deacclimation conditions after freezing we expected to see a decrease in freezing 
tolerance as the deacclimation period lengthened.  
 However, while conducting the ion leakage assay many unexpected and confusing 
results were collected.  It was unexpected to collect such a wide variability of Lt50 
measurements, especially during the cold acclimation testing. As plants were exposed to 
longer durations of deacclimation it was unexpected to see the Lt50 value decrease, 
indicating that plants exposed to nine days of deacclimation had a higher freezing tolerance 
then the plants exposed to only one day of deacclimation conditions.  The unique observed 
difference of Lt50 values in genotype 17 during Experiment 13 and 14 (N, CA28, F1, D1.5 and 
N, CA28, F2, D1), could indicate that the length of the freezing period enhancers this 
particular genotype’s freezing tolerance. This same trait was not seen in genotype 25 but 
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Experiment 16 (N, CA28, F2, D9) results show that genotype 25 is able to maintain freezing 
tolerance longer than genotype 17.  
 Statistical analysis of the Gompertz curve used to determine Lt50 also generated 
unexpected results.  The statistical results determining if there was any difference in ion 
leakage measurements between genotypes indicated that the genotypes were quite similar. 
There was no statistical difference between the genotypes reaction to the temperature 
conditions. The lack of fit statistical analysis did not show any supportive evidence for the 
ion leakage assay. The majority of the lack of fit calculations contained a small p-value 
indicating that the curve does not fit the data well. A genotype difference and lack of fit 
calculation for Experiment 9 could not be conducted because the large variability in 
measurements, seen in Figure 3.7.  
 The five genotypes chosen for the ion leakage assays were picked because of the 
different geographical locations of Norway or Italy. As to where in Norway or Italy these 
accessions originated is unknown. It is possible that the accession from Norway originated in 
the warmer coastal regions or possibly in colder inland regions. The same situation is 
possible for the accession form Italy, which could originate from colder mountains regions or 
warmer regions in Italy. 
 Considering the statistical analysis of the ion leakage results Experiment 1, 2 and 13 
were the only Experiments that had genotype differences and also the curve fit the data. 
When comparing the genotypic difference of Experiment 13 and 16 as mentioned earlier 
could be a result of genotypic traits. Where genotype 17 has lower freezing tolerance when 
exposed to longer freezing conditions and genotype 25 can maintain its freezing tolerance 
after being exposed to long warm periods.   
Due to the wide variability in measurements properly caused by the many factors 
listed by Mancuso (2004), the amount of tissue required, the amount of preparations required 
and the length of the assay itself, the ion leakage assay is not applicable for large-scale 
screening (Ehlert, 2008) or screening deacclimation resistance.  
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CHAPTER 4: MICROARRAY EXPERIMENTS FOR FREEZING 
TOLERANCE & DEACCLIMATION 
Introduction 
Many factors impact the results from microarray experiments (Kothapalli, 2002), 
biological and technical factors must be carefully considered when designing microarray 
experiments. There are two main factors involved in variation of results obtained from 
microarray experiments: biological and technical. Biological causes of variation can be 
caused by genetic differences between samples.  Technical factors include different protocols 
for RNA extraction, dye incorporation into probes, and slide hybridization. A significant 
amount of statistical research has been conducted to minimize potential errors and to identify 
significant expressed genes (Churchill, 2002; MAQC Project).  
  To limit biological variation, it is important to design an experiment that includes a 
sufficient number of replications and perform independent experiments to collect biological 
samples.  Biological variation can also occur between samples from particular developmental 
stages or plant parts.  When reproducing results from a previous microarray experiment, it is 
important to use the same protocol, the same slide distributor and solutions (Halloway, 
2002).  One of the most common experiments conducted to validate microarray 
measurements is real-time PCR (RT-PCR).  Unlike microarrays, which measure the 
expression profiles of thousands of genes simultaneously. RT-PCR measures the expression 
profile of one particular gene at a time (Peirson,S., 2003; Shain, E.,2008). The objectives if 
the microarray research is to (i) determine gene expression between treatments, (ii) determine 
physiological difference between treatments (iii) find candidate genes involved in cold 
acclimation and deacclimation in L.perenne. 
Material and methods 
Plant materials and growth conditions 
One genotype from two accessions each of ryegrass was chosen for the microarray 
assay, 25 (PI 577266, Romania) and 23 (PI 598429, Italy). Genotypes were grown under 
greenhouse conditions (14 hours light, approximately 15-23°C) in SB300 soil (SunGro 
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Sunshine, Horticulture, Canada), and fertilized bi-weekly with Peters Excel CalMag Grower 
Grower (Scotts-Sierra Horticultural Products Company, Ohio, US) until each genotype had 
approximately 300 tillers.  
The genotypes were exposed to various temperature conditions: Normal (N), Cold 
Acclimation (CA), Freezing (F) and Deacclimation (D) (Table 4.1). 
 Normal (N) Cold Acclimation (CA) Freezing (F) Deacclimation (D) 
Temperature (°C) 
Day/Night 
24/15°C 5°C -5°C 10°C 
Light (hours) 16 8 0 8 
Light (photons) 812.7 x 1017 82.47 x 1017 78.56 x 1017  238.69 x 1017 
Fertilizer Bi-weekly N/A N/A N/A 
Time Period 28 days  28 days 36 hours 1, 3, 7 days 
Table 4.1: The table above shows the growth temperature and treatment conditions plants 
were exposed to during microarray experiments. 
RNA extraction 
All plastic ware and mortar and pestle were placed in DNase/RNase free containers 
and autoclaved at 134°C for 60 minutes. The tillers (no roots) were collected, after each 
treatment was completed and stored in 5 ml sterile cryogenic vials (430663, Corning 
Incorporated, Corning, NY) and flash frozen in liquid nitrogen.  Tissue was stored in a -80°C 
freezer, and then crushed into fine powder using liquid nitrogen, mortar and pestle. 
Approximately 100 mg of crushed tissue was stored in sterile 2 ml Eppendorf tubes.  Crushed 
tissue was again stored in a -80°C freezer until preparations for RNA extraction were 
completed.  RNA extraction was conducted using Trizol (Invitrogen, Carlsbad, CA), 
following manufacturer’s instructions. However a second chloroform extraction was added.  
Using a sterile 0.5 ml Eppendorf tube, 1.5 µl of total RNA was stored for quality control, 
while the rest of the total RNA was stored at  -80°C.  
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RNA quality control 
By using capillary electrophoresis the total RNA stored for quality control was 
evaluated by an Agilent Bioanalyzer 2100 6000 Nano assay (Agilent Technologies, Palo 
Alto, US).  Total RNA samples with a RNA integrity number (RIN) below 8.0 were not used 
to ensure the highest quality for cDNA reaction (Schroeder, 2006).  Subsequently, the total 
RNA samples were purified and their concentration measured, using NanoDrop equipment 
(Thermo Fisher Scientific Inc. Waltham, MA).  
The 2100 Bioanalyzer is a lab-on-chip capillary electrophoresis system, which can 
produce accurate and repeatable results. The total RNA is analyzed by the 2100 Bioanalyzer 
which calculates a RNA Integrity Number (RIN), based the ratio of 28S:18S bands. The RIN 
value is associated with the quality and purity of the RNA sample (Pfaffl, 2008; Schroeder, 
2006).  Kiewe (2009) showed that the RIN value was a prediction of the qualitative outcome 
of oligonucleotide microarray hybridization.  Kiewe (2009) also demonstrated that by using a 
particular sample within the acceptable RIN value range of 7.15 to 8.05 respectively, 
microarray hybridization was successful.  
CyDye and cDNA incorporation 
 For the cDNA reaction, 10 µmol of purified total RNA was used with 1 µg of oligo 
dt20 (IDT, Iowa), 1 µg of random hexomers (IDT, Iowa) and DEPC water to generate the 
annealing cocktail. After annealing, 5x buffer, Superscript II, 0.1 M DDT (Invitrogen cat# 
18064014), and 25x dNTP/amino-allyl-dUTP were added. The reaction was placed in a 
thermo-cycler (Thermo Fisher Scientific Inc., Pittsburg, PA)  at 44°C for four hours.  After 
the reaction was completed, RNA hydrolysis was performed using 20mM EDTA (pH 8), 
0.1M NaOH, 0.1M HCL and 0.1M NaAc (pH5.2).  The animo-allyl-cDNA (aa-cDNA) was 
purified using a Qiagen QiaQuick PCR purification kit (Qiagen, Valencia, CA) according to 
the manufacturer’s instructions. 
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 The aa-cDNA was vacuum-dried until < 5µl of solution was left, after which 10 µl of 
0.1 M of sodium bicarbonate buffer pH 8.2 were added.  Meanwhile, Cy3 and Cy5 NHS 
esters (RPN5661, GE Healthcare Amersham, UK) were dissolved in 2 µl of DMSO.  The aa-
cDNA was added and mixed with the dye and placed in a dark 35°C dry oven, where it was 
gently mixed every 45 minutes for 2.5 hours.  After dye incorporation 38 µl of 100 mM 
sodium acetate, pH 5.2 was added and purified using the QiaQuick PCR purification kit 
(Qiagen, Valencia, CA). The manufacturer’s instructions were followed until the final step. 
30 µl of DEPC water was left on the membrane for 5 minutes and then centrifuged. This step 
was repeated to generate 60 µl of cDNA and CyDye solution.  Each sample was measured 
using a NanoDrop, Microarray program (Thermo Scientific, CA), measuring the cDNA 
(ng/µl at 260nm) and measuring Cy3 and Cy5 amounts (at 550 nm and at 650 nm). 
Blocking and hybridization of slides 
 The SCHOTT Nexterion A+ slides with L. perenne cDNA were purchased from 
University of Aarhus, Denmark and the protocol used for background blocking is published 
in Gregersen (2005). 
 The hybridization protocol followed for these experiments was similar to the protocol 
published by Gregersen (2005) with a few modifications.  The cDNA hybridization solution 
was prepared from 3µg of Cy3-labeled cDNA and 3µg Cy5-labeled cDNA. The closed 
hybridization boxes were placed in a sealed ziplock bag with a wet, dust-free towel and left 
in a 65°C oven for 14 hours.  
The microarray design was developed to compare expression profiles between 
different treatments (Figure 4.1). Cold Acclimation (A) was directly compared with Freezing 
(B), 24 deacclimation (C), and seven-day deacclimation (E). Three-day deaccliamation (D) 
was directly compared with 24 and seven-day deacclimation. Four biological replicates per 
treatment were used and dye swapping was implemented to limit technical errors.  
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Scanning and normalization 
 A GSI Lumonics ScanArray 5000 (Perkin Elmer) scanned the first five slides 5000 
(Perkin Elmer), the remainder of the slides were scanned by the Pro Scan Array HT (Perkin 
Elmer). All slides were scanned at low, medium, and high laser intensities, which allows for 
increased expressed gene discovery (Skibbe et al, 2006).  Slides were quantified using 
ImaGene 8.0 software, and the spot matrixes were manually aligned for each slide.  
 
 
 
 
 
 
 
 
 
Figure 4.1:  Microarray experiment design developed with assistance from Dr. Dan 
Nettleton. A=cold acclimation, B=Freezing, C=One-day deacclimation, D=three-day 
deacclimation, and E=seven-day deacclimation. Designed to have cold acclimation (A) as a 
control, and have a direct comparison to freezing (B) and one-day deacclimation (C) and 
seven-day deacclimation (E). Each circle in the Figure shows an individual biological 
replicate and each arrow represents one microarray slide. The process of dye swapping was 
used on biological replicates; this is shown by the direction of the arrow. The biological 
replicate at the starting portion of the arrow is associated with CyDye3, and the biological 
replicate at the pointed end portion of the arrow is associated with CyDye5.  
 A median centered LOWESS normalization method was used to normalize the data 
output from all three scans from each slide (Allison et al, 2002; Yang et al, 2002).  After 
normalization mixture modeling of p-value and q-value distribution was used to calculate 
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False Discovery Rate (FDR) rate.  False Discovery Rate analysis was done with the multiple 
slide scans, and was limited to > 10%.   
Results 
65 ESTs were significantly differentially expressed between the two genotypes. 
Figure 4.2 shows the number of differentially expressed genes for each comparison: Cold 
Acclimation and Freezing (A-B), Cold Acclimation and 24 hour Deacclimation (A-C), Cold 
Acclimation and three day Deacclimation (A-D), Cold Acclimation and seven day 
Deacclimation (A-E). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Graph showing the number of EST significantly differentially expressed during 
cold acclimation comparisons. AB=cold acclimation and freezing, AC=cold acclimation and 
one-day deacclimation, AD=cold acclimation and three-day deacclimation, AE=cold 
acclimation and seven-day deacclimation 
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Using the ‘The Arabidopsis Information Resource’ (TAIR) gene ontology (GO) 
annotation database, GO annotations for molecular function of the ESTs on the microarray 
and the 65 ESTs found to be significantly differentially expressed, were retrieved.  For 
approximately 74% of the ESTs on the microarray there was no molecular function GO 
annotation. The respective percentage value for no GO annotations for the 65 significant EST 
was also approximately 74% (Table 4.2). When evaluating the individual GO annotations, a 
group of classes labeled as GO slim categories was generated by the TAIR database.   The 
categories hydrolase activity and nucleotide binding have a three-fold percentage increase 
between the significant ESTs and the ESTs on the microarray and a two-fold percentage 
increase was found in transporter activity.  For some categories, such as other binding and 
other enzyme activity, the percentage of differentially expressed ESTs was reduced to all 
ESTs on the microarray.   When conducting statistical analysis on values listed in Table 4.2, 
it showed that there is no statistical difference (p-value = 1) between all ESTs and significant 
ESTs.  
 
 
 
 
 
 
 
 
 
 
Table 4.2:  Shows all GO Slim function annotations for all ESTs on the microarray and the 
65 significant differentially expressed ESTS. 
  
  
All 
ESTs 
Significant 
ESTs 
DNA or RNA binding 0.7 0.0 
hydrolase activity 1.9 6.8 
kinase activity 2.1 0.0 
nucleic acid binding 0.8 0.0 
nucleotide binding 3.1 9.6 
other binding 3.6 1.4 
other enzyme activity 4.8 2.7 
other molecular functions 0.6 0.0 
protein binding 3.4 4.1 
receptor binding or activity 0.0 0.0 
transcription factor activity 0.7 0.0 
transferase activity 3.3 0.0 
transporter activity 0.7 1.4 
No hits 74.1 74.0 
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Comparison 
Geno- 
type 
# of ESTs 
Differentially 
Expressed ESTs of Interest FDR 
Fold 
Change GO Annotation 
              
A-B 25 2 
r_009d_b02 6% 0.296 
response to water 
deprivation 
r_009c_g02 6% 0.252 
cellular response to water 
deprivation 
response to cold 
A-C 25 22 
r_010c_c03 3% 0.231 
response to salt stress 
metabolic process 
gsa_006d_f09 2.50% 0.212 No GO annotation 
GintSSH_005_h05 3% 0.308 No GO annotation 
ESTs found 
in both 
comparisons    
A-C and A-D 
23 & 
25 5 
gsa_002b_f07 
9% / 
7% 
0.221 / 
0.222 
Chloroplast 
Mitochondrion 
Cytoplasm 
rg6_013b_a02 
6% / 
8% 
0.155 / 
0.177 
No GO annotation 
sa_001a_h11 
3% / 
7.5% 
0.134 / 
0.178 
Gluconeogenesis 
Cytosol 
Nucleolus 
sa_001b_h03 
8% / 
10% 
0.235 / 
0.253 
No GO annotation 
ve_004c_c01 
8% / 
8% 
0.311 / 
0.312 
Apoplast 
plasma membrane 
Cytosol 
A-D 23 36 
rg1_008b_e12 7% 0.334 
plasma membrane 
plant type cell wall 
rg1_008d_c10 7% 0.331 
multidimensional cell growth 
plant type cell wall 
biogenesis 
rg3_007c_c11 7% 0.230 
metabolic process 
plasma membrane 
rg6_015a_g01 7% 0.403 
Photosynthesis 
chloroplast envelope 
Table 4.3: Shows the 14 ESTs deemed interesting. Row 1 contains ESTs expressed 
differently during cold acclimation and freezing (A-B). Row 2 shows ESTs expressed 
differently during cold acclimation and one-day deacclimation (A-C). Row 3 contains the 
five ESTs significantly differentially expressed in both genotypes. Row 4 shows ESTs 
expressed during cold acclimation and three-day deacclimation (A-D). 
When conducting further analysis of the 65 significant ESTs, using both GO 
annotations and low FDR values as filters, we determined 14 ESTs were interesting. These 
14 ESTs are listed in Table 4.3 by condition and genotype.  When comparing the expression 
during cold acclimation and freezing (A-B), two ESTs in genotype 25 had interesting GO 
annotations involved with water deprivation shown in Table 4.3, Row 1.  During 
comparison of cold acclimation and one
significantly differentially expressed ESTs had interesting GO annotations and low FDR 
values and are listed on Table 4.3, Row 2 and 3. Three of these ESTs (Table 4.3, Row 2) 
were found expressed in genotype 25 and the remaining five were expressed in both 
genotypes 23 and 25 (Table 4.3, Row 3).  In genotype 23, nine ESTs out of 36 significantly 
differentially expressed were deemed interesting when comparing cold acclimation and 
three-day deacclimation (A-D) in Table 4.2, Row 3 and 4.  Five of these ESTs (Table 4.3
Row 3) were also expressed in genotype 25 but during the comparison of cold acclimation 
and one-day deacclimation (A
and three-day deacclimation (A
4.3, Row 4). 
Figure 4.3: analyzed two significant ESTs with GO annotations related to water and cold 
stress in both genotypes 25 (G25) and 23 (G23).
direct comparisons.  
 When comparing the ESTs esti
(A) and freezing (B) and various 
data shows differences in treatments and genotypes.  When examining the EST r_009c_g02, 
the expression varied depending on treatment and genotype. When comparing AB treatment 
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-day deacclimation (A-C), eight out of 22 
-C). The remaining four ESTs listed under cold acclimation 
-D) was only significantly expressed in genotype 
 These values are relative values and are not 
mated expression between cold acclimation treatment 
deacclimation treatments (C, D, and E) in Figure 4.3, 
AD AE AB AC AD
r_009d_b02: Response to cold 
and salt stress
G23 G25
 
the 
, 
23 (Table 
the 
AE
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the EST expression was upregulated in G23 (PI 577266) but down regulated in G25 (PI 
598429).  When comparing AC treatment the expression pattern switched, showing G23 with 
down regulated expression and G25 with up regulated expression. The expression pattern 
reverted back to AB treatment comparison and during the finally treatment comparison of 
AE both EST expression patterns show the down regulation of the gene. The other EST 
r_009d_b02 (Table 4.3) involved in cold and stress response showed a different expression 
pattern. During the AB treatment comparison the G25 showed a slight up regulation. 
However, the rest of the EST expression pattern in Table 4.3 showed down regulation in both 
genotypes.  
Figure 4.4: shows the estimated expression of three ESTs with the lowest FDR value. All 
three have a similar estimated expression pattern. These values are relative values and are not 
direct comparisons.  
The three ESTs in Figure 4.4 do not have any GO annotations but did have the lowest 
FDR value (< 3%).  The first EST gsa_006d_f0d during all treatment comparisions the 
expression was down regulated. The ESTs ve_004b_b11 during the AB treatment 
comparsion there was a slight increase in expression. However, in the other treatment 
comparisions showed a down regulation of the EST expression. The EST GintSSH_005_h05 
exhibited similar to EST ve_004b_b11. 
To understand these graphs one must understand how the value of estimate fold 
change is calculated. The values are calculated by subtracting the mean fluorescent signal 
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intensity of this EST in treatment A from the mean fluorescent signal intensity of this EST in 
treatment B (A-B).  This relative indirect comparison the estimated expression values based 
on microarray results. 
It is important to note that all previously stated fold change values are estimated. A 
RT-PCR must be conducted to validate these estimated fold change values.  
Discussion 
 Three GO Slim categories shown in this Table 4.2 were overrepresented among the 
65 significant ESTs. The category of hydrolase activity showed a three-fold increase when 
compared to all the ESTs on the microarray. Hydrolase activity is basically classified as a 
molecular function involved in the hydrolysis of various carbon bonds. This could indicate 
the activity of plants generating sugars for growth or repair.  
 Another GO Slim category that also showed a three-fold increase among the 65 
significant ESTs was the nucleotide binding category. This is a molecular function process in 
which nucleotides bind to proteins, ribose (RNA) or deoxyribose (DNA) backbones. 
Nucleotide binding is most notably used in RNA generation, DNA repair and chromosome 
doubling.  
 Transporter activity showed a two-fold increase in the 65 significant ESTs expression 
when compared to all microarray ESTs.  This activity is a molecular function, which enables 
the movement of molecules and ions in, out, or within and between cells. The activity of 
moving molecules and ions is involved in so many processes, including basic cellular 
function.  
 Fourteen ESTs (Table 4.3) demonstrated an interesting pattern based on their GO 
annotations of cold acclimation, deacclimation, repair and regrowth. Each row in Table 4.3 
shows that basic stages involved cold acclimation, deacclimation and regrowth. Water 
deprivation, response to cold and response to salt stress are process that is known to take 
place during cold acclimation. A plant’s attempt to repair cellular damage caused by freezing 
injury and slow loss of cold acclimation. This is shown by ESTs have GO annotations 
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involved with gluconeogenesis, plasma membrane, and mitochondrian. Finally the further 
loss of cold acclimation is shown by ESTs in Table 4.3, row 4. The fact that a plant is 
spending energy on cellular growth and cell wall biogenesis indicates that a plant is growing.  
 Two ESTs (r_009d_b02 and r_009c_g02) significantly differentially expressed in 
genotype 25 had GO annotations involved with water deprivation. This indicates that during 
cold acclimation and freezing treatment the cells are responding to the cold. The three ESTs ( 
r_010c_c03, gsa_006d_f09, GintSSH_005_h05) were significantly differentially expressed in 
genotype 25, in comparison of cold acclimation and one-day deacclimation (Table 4.3). 
Unfortunately, two of the ESTs do not have any GO annotations. The third EST has a GO 
annotation involved in both salt stress and the metabolic process. Taking into account that 
two of the three ESTs have no known function it is difficult to discern what could be going in 
a plant during this period. Consider that the one EST that does have an GO annotation but is 
involved in both cold acclimation and one-day deacclimation cold indicate that the one-day 
deacclimation is within the ‘lag phase’ period. In row 3 of Table 4.3, five ESTs are expressed 
in both genotypes; unfortunately two of these ESTs don’t have GO annotations. The other 
three ESTs indicate that a plant begins to generate energy and come out of winter dormancy 
(decreasing deacclimation resistance) while also repairing freezing damage.  These five ESTs 
were expressed in genotype 25 during cold acclimation and one-day deacclimation (A-C); 
whereas the five ESTs were expressed in genotype 23 during cold acclimation and three-day 
deacclimation (A-D). This could indicate that genotype 25 loses its deacclimation resistance 
faster. The last row of Table 4.3, row 4, shows four ESTs all with GO annotations. Some of 
the GO annotations show that ESTs could be involved with cellular growth and 
photosynthesis. This could indicate that during the three-day deacclimation process in 
genotype 23 a plant is recovering from freezing damage and growing.  
The five ESTs shown in Figure 4.3 and Figure 4.4 (gsa_006d_f09, ve_004b_b11, 
GistSSH_005_h05, r_009c_g02, r_009d_b02) have the unregulated estimated expression 
during the cold acclimation treatment could. This indicates that these five ESTs could be 
involved in the process of cold acclimation and increase a plants freezing tolerance.  
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However, all the values listed in Figure 4.3 and Figure 4.4 are estimates and a RT-PCR for 
all five ESTs needs to be conducted to verify if these values are correct.  
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CHAPTER 5: GENERAL CONCLUSIONS 
The changing climate has induced many extreme events including increased 
precipitation, more intense storms and increased temperature variability (Easterling et al. 
2000).  The increase of global temperatures and the steady decrease of the minimum and 
maximum temperature range (Trenberth, 2007) have a profound effect on freezing tolerance 
of plants.  With the decreasing number of cold days and higher temperatures, freezing 
tolerance of perennial grasses will decrease. This leaves plants voluble to freezing damage 
when exposed to a cold weather event.  If it is possible to determine what factors are 
involved with acquiring and maintaining freezing tolerance, plants exposed to climate change 
weather events, could survive winter temperature fluctuations.  
By conducting ryegrass breeding in the Midwest US, plants can be exposed to unique 
winter conditions. The winter conditions in the Midwest U.S. vary year to year as 
demonstrated by the field trial. The variable winter conditions generate an opportunity for 
ryegrass researchers to find genetic variation within the freezing tolerance and deacclimation 
resistance traits.  
Similar to other grass species ryegrass requires a cold period for flowering and also 
exhibits genetic variation in both the cold acclimation and freezing tolerance traits. However, 
unlike other grasses species ryegrass is diploid this has made genetics studies on ryegrass 
develop quickly. L. perenne is easy to maintain, exhibits genetic variability in freezing 
tolerance traits and genetic resources are readily available.  These three charactersitics show 
that L. perenne as a model organism for studying freezing tolerance response to winter 
temperatures and winter temperatures fluctuations.  
Considering how damaging spring freezes are to crops, developing plants that can 
tolerate sudden temperature fluctuations has become imperative. The combination of 
extended warm period with a severe drop of temperatures in February 2009 was detrimental 
to survival of most ryegrass accessions.  Deacclimation resistance likely helped some 
accessions of ryegrass to survive the sudden temperature fluctuations, as supported by 
climate chamber trials, with the accession Caddyshack, 28 and 25 surviving after a seven day 
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deacclimation period and sudden refreeze.   Deacclimation resistance enables plants to 
maintain a portion of its original freezing tolerance and to reacclimate quickly to the sudden 
low temperatures. Whereas, sudden temperature fluctuations occur during all seasons of the 
year, substantial damage is caused when temperatures drop below 0°C due to frost kill.  
Unlike cold acclimation the genetic and molecular basis of deacclimation is not well 
documented. It has been assumed that the genes up regulated during cold acclimation are 
down regulated during deacclimation. A microarray study compared gene expression in 
Arabidopsis during cold acclimation and deaccliamtion (Oono, 2006). The microarray 
confirmed previous assumptions that genes up regulated during cold acclimation were down 
regulation during deacclimation (Oono, 2006). The study also concluded the vice versa was 
true, where genes up regulated in deacclimation and down regulation during cold acclimation 
(Oono, 2006).  This study was also able to determine relative groups of genes families 
involved in the process of deacclimation (Oono, 2006). The Arabidopsis genes found in the 
Oono study found genes encoding transcription factors and genes that encoded functional 
proteins involved in recovery from cold stress damages (Oono, 2006). The study also found 
genes involved in detoxification biosynthesis of amino acids, catabolism of amino acids, cell 
wall protein and photosynthesis (Oono, 2006). In table 4.3 two ESTs were found to be 
involved with cell wall biogenesis and gluconeogenesis.  The relationship between the Oono 
study results and our results confirmed similarity on the deacclimation process in Lolium 
perenne and Arabidopsis.   
To further understand the biology of freezing tolerance and deacclimation resistance 
in L. perenne, phenotypic assays must be designed to capture the particular traits involved.  
When developing an assay to measure plants freezing tolerance and deacclimation; the assay 
must be designed for large scale repeatable testing. The assays developed not only measured 
both traits but also was able to identify perennial ryegrass accessions with freezing tolerance 
and ability to handle temperature fluctuations.  
Since the process of cold acclimation, which determines a plants freezing tolerance, is 
energy intensive is likely requires involvement of hundreds of genes, lipids and sugars. Lipid 
composition, accumulation of sugars and water-soluble carbohydrates are associated with 
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freezing tolerance in ryegrass (Hoffman, 2010). The measure these three factors, could 
determine a plants freezing tolerance.  However, in the Huffman (2010) study the researchers 
used the crown tissue for such measurements, since previous research using leaf showed 
inconsistent results (Hoffman, 2010).  This particular assay can be used in a full-scale 
analysis of hundreds of ryegrass genotypes, but it does require the use of vital crown tissue 
 Another method for selecting ryegrass genotypes is the growth chamber assay. This 
assays has been used previously (Hullke, 2008) and differentiated between high and low 
freezing tolerant accessions. This assay is easy to conduct but does require some initial 
planning. The number of tillers per plant and the distance between plants can also affect 
growth chamber assays. Other growth chamber assays, (Hulke, 2008) were conducted with 
each plant in a cell, the lack of soil and the roots being restricted to a small cells, could alter 
the plants freezing tolerance or deacclimation resistance.  
Measuring RNA expression levels during cold acclimation or deacclimation is another 
assay to determine a plants reaction to either condition. Microarrray RNA expression profiles 
give an idea as the number of genes a plant could be expressing but no clear direct answer as 
to exactly how high of expression. Expression profiles conducted with microarrays must be 
validated with further analysis, in most cases a RT-PCR.   
Field, growth chamber, ion leakage and RNA expression profiling assays for cold 
acclimation, freezing tolerance and deacclimation resistance were compared in this study.  A 
field trial was conducted under natural conditions at Agronomy farm by planting a collection 
of 50 ryegrass accessions from European origins and American turf breeders. The field trial 
was exposed to the 2008-2009 winter conditions, where a significant temperature fluctuation 
occurred in February of 2009. Nine accessions (18%) survived the February 2009 
temperature fluctuation and only a few genotypes from the nine accessions survived except 
accession 28 had the largest number of genotypes, 31, surviving (Table 2.5).  The remaining 
accessions were exposed to the 2009-2010 winter conditions and were exposed to one of the 
coldest and snowiest winters in Iowa, according to the NOAA Cold Climate Report. After the 
2009-2010 winter accession 28 from Romania again showed the best freezing tolerance and 
survival of all the nine accessions tested.  Field trials are influenced by many factors and 
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varying winter conditions from year to year. To conduct an efficient field trial a large number 
of plants are necessary to collect enough data, which can make a field trial a labor and time 
intensive. Field trials are less laborious and costly, machines can do many steps involved in 
planting and field maintenance also no heating or cooling is required. However, when 
assaying for abiotic or biotic stress, only the stress factors present can be studied. This lack of 
control in stress factors make unreliable, useless, or trials with low heritability. 
Taking into account all the factors involved in cold acclimation and freezing tolerance 
assays; the growth chamber assays are considered more reliable. The criteria used to compare 
the assays was (i) labor and time, (ii) difficulty of analyzing results and (iii) repeatability of 
the assay.  When comparing ion leakage and growth chamber assays, the latter exhibited far 
less variability and more similarity to field trial results. When analyzing the Lt50 values from 
genotype 25 indicted it was a freezing tolerant genotype. However, both the field trial and 
growth chamber assay showed that genotype 25 was not freezing tolerant. Growth chamber 
assays allow for large number of genotypes to be tested while keeping environmental 
conditions controlled and close to natural conditions. One important aspect is, that controlled 
experiments can help understand is which natural conditions are really critical. Often, we can 
only observe something in the field as consequence of an array of conditions related to an 
environmental or weather event.  With growth chamber experiments, you can step-by step 
determine which type of event is critical. In this case of the growth chamber assay, it was the 
seven-day deacclimation followed by a sudden freeze. Using the growth chamber assays can 
in turn help to look for critical conditions in the field, for example the February 2009 
temperature fluctuations.  
The results presented can help develop more efferent assays for determining the 
freezing tolerance of L. perenne.  Further research needs to be conducted to determine if 
either a growth chamber assay or the lipid, sugar and carbohydrate assay is the best assay to 
determine freezing tolerance on a large scale.  Also the results from the expression profile 
assay have brought to light ESTs involved with cold acclimation and deacclimation.  The 
EST results will be looked in further by RT-PCR and increase genetic information developed 
from the genome project.  
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